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Hypothesis: Intracranial pressure and skull vibrations are
correlated and depend on the stimulation position and
frequency.
Background: A hearing sensation can be elicited by vibra-
tory stimulation on the skin covered skull, or by stimulation
on soft tissue such as the neck. It is not fully understood
whether different stimulation sites induce the skull vibrations
responsible for the perception or whether other transmission
pathways are dominant. The aim of this study was to assess
the correlation between intracranial pressure and skull
vibration measured on the promontory for stimulation to
different sites on the head.
Methods: Measurements were performed on four human
cadaver heads. A bone conduction hearing aid was held in
place with a 5-Newton steel headband at four locations
(mastoid, forehead, eye, and neck). While stimulating in the
frequency range of 0.3 to 10 kHz, acceleration of the
cochlear promontory was measured with a Laser Doppler
Vibrometer, and intracranial pressure at the center of the
head with a hydrophone.
Results: Promontory acceleration and intracranial pressure
was measurable for all stimulation sites. The ratios were
comparable between all stimulation sites for frequencies
below 2 kHz.
Conclusion: These findings indicate that both promontory
acceleration and intracranial pressure are involved for
stimulation on the sites investigated. The transmission path-
way of sound energy is comparable for the four stimulation
sites. Key Words: Bone conduction—Intracranial
pressure—Promontory—Soft tissue stimulation—Vibration.
Otol Neurotol 37:e384–e390, 2016.
Bone conduction (BC) is an alternative pathway to air
conduction (AC) for sound to reach the cochlea. It is
widely used in clinical audiometry to determine hearing
thresholds and differentiate between conductive and
sensorineural hearing loss. However, the exact mechan-
ism of BC hearing is not completely understood, either
for normal hearing or in pathologic conditions of the
middle ear. A complex interaction of several different
pathways has been proposed as being responsible for the
hearing sensation from BC stimulation: 1) compression
and extension of the cochlear walls (1). 2) Inertia of
cochlear fluid (2,3) and middle ear ossicles (2,4,5). 3)
Radiation of sound pressure in the external ear canal,
which is affected by changing the state of the ear canal
from open to closed (occlusion effect) (6–8). 4) Dynamic
sound pressure transmission from the skull interior
(brain tissue and cerebrospinal fluid) to the cochlea.
Sohmer and Freeman (9) coupled the cranial cavities
of two experimental animals (fat sand rats) using a
saline filled plastic tube. A BC click stimulus was applied
to animal 1, while the auditory brainstem response (ABR)
was recorded from the second animal. They found a
correlation between stimulation in animal 1 and ABR
response in animal 2 concluding that sound pressure can be
transmitted by a fluid pathway to the cochlea and produce
stimulation. In other experiments, acceleration of the bone
was measured for stimulation to the forehead, eye, or
directly on the brain.WhileABRcould be clearly recorded
for all simulation sites, no acceleration of the bone was
measured for stimulation to the eye in human (9) or to the
brain in animals (10). By contrast, others have measured
vibration on the teeth with stimulation to the eye (11).
However, these investigators found no direct correlation
between the BC hearing threshold and vibration of the
teeth. It is not clear that the vibration of the teeth corre-
sponds to the vibrations of the bone surrounding the
cochlea. The importance and contributions of the different
pathways may depend on the stimulation frequency.
Additionally, the sites of stimulation, including on the
bone, the skin covered bone, or soft tissue without contact
to bone, should be further investigated (12).
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The aim of this study was to compare the relation
between intracranial pressure and bone vibrations
measured at the cochlear promontory for stimulation
on skin covered bone (mastoid and forehead) and on
soft tissue (eye and neck). We hypothesize that intra-
cranial pressure and skull vibrations are correlated and
depend on the stimulation position and frequency.
METHODS
The experiments were reviewed and approved by the institu-
tional Ethic Committee (KEK-ZH-Nr. 2012-0136). Four cadav-
eric human whole heads that were conserved using a technique
described by Thiel (13) were used. First, an endaural incision
was performed between the helix and the tragus to achieve
access to the promontory. Next, a tympanomeatal flap was
elevated to expose the middle ear (14). Two self-retaining
retractors were placed to allow good visualization of both
the endaural surgery and the later LDV measurement. To
enhance reflectivity of the laser beam, a small piece of retro-
reflective foil (1 1mm) was placed on the measurement
position located on the cochlear promontory near the round
window. Details regarding the surgical preparations are
described in our previous work (15). The skull was opened
at the vertex and a tube of 10mm diameter was tightly sealed to
the opening.
The cadaver heads were supported on a soft gel head ring
(Model 4006.0200, MAQUET Medical Systems, Wayne, NJ,
U.S.A.), positioned on a stainless-steel table to decouple
vibrations from external sources. A hydrophone (Type 8103;
Bru¨el & Kjær, Nærum, Denmark) was inserted into the intra-
cranial space through the tube. The hydrophone was positioned
at the center of the cranial hemisphere and its position con-
trolled by X-ray (Fig. 1), whereas care was taken to prevent any
contact with the sample and minimize any direct mechanical
coupling between the hydrophone and the skull. The
physiologic intracranial pressure of 15 cm H2O was maintained
by a water column in the tube attached to the skull (16).
The transducer of a BAHA Cordell II (Cochlear Company,
Sydney, Australia) was attached to the head at four positions
(mastoid, forehead, eye, and neck) using a 5-Newton steel
headband. The position on the mastoid corresponded to the
position typically used in clinical audiometry. For the forehead,
a position in the midline 5 cm above the root of the nose was
chosen. When positioning the transducer on the eye, great care
was taken to avoid touching the bone of the orbita while
assuring that the whole surface of the transducer made contact
with the vitreous body. For stimulation on the neck, the trans-
ducer was placed on the sternocleidomastoid muscle approxi-
mately 10 to 12 cm below its insertion on the mastoid. The
coupling forces were controlled with a spring gauge (Light
Line, Pesola, Switzerland). The stimulus was directly routed to
the transducer with a stimulus intensity of 10 V, which was
generated by the Audio Precision SystemOne (Audio Precision,
Inc., U.S.A., for Heads 1, 3, and 4) or the B&K data acquisition
system Type 3052 (B&K, Incorp., Nærum, Denmark, for Head
2). The change of acquisition systems was dictated by avail-
ability at the time of each experiment. The sound stimulus
consisted of a stepped sine measurement procedure in the
frequency range of 0.3 to 10 kHz. The measurement frequencies
were logarithmically spaced (50 frequency points per decade),
resulting in 78 frequencies in the frequency range used.
All motions of the cochlear promontory were measured
at a single point using an OFV-3001 Scanning Laser Doppler
Vibrometry system (Polytec GmbH, Waldbronn, Germany).
The sampling frequency was set at 51.2 kHz. The output of
the Scanning Laser Doppler Vibrometry system was coupled to
the Audio Precision System One (Heads 1, 3, and 4) or the B&K
data acquisition system (Head 2) for further data processing. All
of the measurement procedures were controlled by the AP 2700
Control software (Audio Precision, Inc.) for the Audio Precision
System One and PULSE software for the B&K data acquisition
system (Bru¨el & Kjær), with both softwares installed on a
FIG. 1. The position of the hydrophone was checked by X-ray in two planes, lateral view (A), frontal view (B) to assure accurate positioning
in the center of the cranial space, not touching the skull.
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personal computer. The acceleration of the cochlear promon-
tory was calculated from the recorded velocity. Simultaneously,
intracranial pressure was recorded using the hydrophone
positioned in the cranial space (see the above). The recorded
pressures were routed to the data acquisition system
via a charge amplifier (Type 2690-0S Low noise version,
Bru¨el & Kjær).
RESULTS
To determine the relative differences between the
stimulation locations (i.e. forehead, neck, and eye),
cochlear promontory acceleration and intracranial pres-
sure were normalized by the corresponding response with
stimulation to the mastoid, for each cadaver head indi-
vidually. The results were then averaged across samples.
Figure 2 displays the normalized promontory accel-
eration, including mean and standard deviation for stimu-
lation on forehead (A), eye (B), and neck (C). The
average signal-to-noise ratios (SNRs) of the measured
cochlear promontory motions for the four stimulation
positions are also shown in Figure 2D. For stimulation to
the forehead, the average SNR was greater than 10 dB
along the considered frequency range (Fig. 2D). There
was a tendency for low SNR for stimulation to the neck at
frequencies above 2 kHz and for stimulation to the eye for
frequencies above 3 kHz. Generally, the normalized
acceleration of the cochlear promontory was largest
for stimulation to the forehead, showing an average gain
of 5 dB at 0.3 to 4 kHz and 2 dB above 4 kHz, relative
to stimulation to the mastoid. The lowest normalized
acceleration of the promontory was measured for stimu-
lation to the neck showing an average gain of 10 dB at
0.3 to 1 kHz and 15 dB above 1 kHz.
Similarly, intracranial pressure for stimulation at all
sites was measured in all four specimens, and pressure
measurements for stimulation to the forehead, eye, and
neck were normalized relative to pressure measurements
for stimulation to the mastoid. For each normalized
intracranial pressure, the mean and standard deviation
across all heads were calculated. Results are displayed
in Figure 3 (A, stimulation on forehead; B, stimulation on
eye; C, stimulation on neck).
FIG. 2. Promontory acceleration with stimulations on the forehead (A), eye (B), and neck (C), relative to promontory acceleration with
stimulations on the mastoid (0dB corresponds to a ratio of 1). The signal-to-noise ratios (SNRs) of the measured promontory motions,
averaged through the four cadaver heads, are shown in (D).
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Average SNRs greater than 20 dB were achieved for
stimulation to the mastoid, forehead, and eye for the full
measurement frequency range (Fig. 3D). The average
SNR was less than 10 dB above 6 kHz for stimulation to
the eye. Generally, the largest normalized intracranial
pressure was measured for stimulation to the forehead,
showing an average gain of 10 dB at 0.3 to 0.6 kHz and
2 dB above 2 kHz. Lowest normalized intracranial pres-
sure was measured for stimulation to the neck showing an
average gain of 7 dB at 0.3 to 0.6 kHz and 25 dB
above 1 kHz.
The ratio between vibration of the cochlear promon-
tory (Fig. 2) and intracranial pressure (Fig. 3) for stimu-
lation to the forehead, eye, and neck relative to the
mastoid was calculated in all four heads individually.
For each relative ratio, the mean and standard deviation
across all heads was calculated, and the results are
presented in Figure 4. For all stimulation locations the
relative ratio increases significantly (i.e., 20–25 dB)
with frequency in the range of 0.2 to 1 kHz. The relative
ratios for stimulation to the neck and eye need to be
interpreted with care for frequencies above 2 and 3 kHz,
respectively, because the corresponding promontory
motions were close to the noise level. For frequencies
below 2 kHz, these findings indicate that regardless of the
site of stimulation, vibration of the cochlear promontory
and intracranial pressure was measured reliably. These
two components seem to be related and are not mutually
independent. The larger magnitude of the normalized
cochlear promontory vibration and intracranial pressure
(Figs. 2 and 3) when the stimulation is on the skin
covered bone to the forehead, indicates that this stimu-
lation mode is more efficient than stimulating on the
eye or neck.
DISCUSSION
This study investigated the relation between vibration
of the skull measured at the cochlear promontory and
intracranial pressure for stimulation by a BC transducer
FIG. 3. Intracranial pressure with stimulations on the forehead (A), eye (B), and neck (C), relative to intracranial pressure with stimulations
on themastoid (0dB corresponds to a ratio of 1). The signal-to-noise ratios (SNRs) of themeasured intracranial pressure, averaged through
the four cadaver heads, are shown in (D).
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at four different positions: mastoid, forehead, eye, and
neck. Measurements were performed in four cadaveric
whole heads that gave a close approximation to the in
vivo condition for the following reasons: the heads were
stored according to a technique described by Thiel (13),
in which there was no significant difference in biome-
chanical testing as compared with fresh frozen material
(17,18). For measurements on BC pathways, dry skulls,
temporal bones, and animals have been used in previous
studies (4,5,9,19). Using cadaveric whole heads has the
advantage of the presence of soft tissue remaining
attached to the head and a fluid filled intracranial space
as compared with measurements on dry skulls or
temporal bones. Additionally, the presence of the whole
circumference of the head may model the complexity of
BC pathways more adequately than temporal bones or
measurements on animals.
The absolute values of the cochlear promontory
vibrations are comparable to the measurements reported
by others who stimulated on the skin covered bone on
Thiel fixed heads (18), directly on the skull (20), or on
skin covered bone on live human subjects (21). In
Figure 5, the promontory accelerations with the steel
headband used in this study (i.e., Heads 1–4) were
normalized by the stimulation force to make compari-
sons with the promontory responses to force stimulation
from a transducer screwed into the skull of cadaver
heads (20) and mounted by a headband in live human
subjects (21). The stimulation forces with the BAHA
Cordell II transducer placed on the mastoid by the steel
headband were estimated from measurements using an
artificial mastoid (Type 4930, Bru¨el & Kjær). During
the measurement of the stimulation force, the mechan-
ical impedance of the artificial mastoid was measured,
and the static force between the transducer and the
surface of the artificial mastoid was maintained
at approximately 5 Newton, which corresponds to the
coupling force between the skin and the transducer in
the cadaver heads. The cochlear promontory acceler-
ation for stimulation to the mastoid showed approxi-
mately 7 dB standard deviation on average across four
cadaver heads along the measured frequency range,
which is in agreement with previous bone conduction
studies in cadaver heads (18).
Vibrations of the promontory motion were only
measured in one direction, which does not address
precisely the complexity of the three-dimensional motion
of the skull in BC stimulation. Cochlear promontory
vibration levels in the three perpendicular directions
are normally within 5 dB for frequencies above 1 kHz,
whereas they can be greater (by up to 20 dB) in the
direction of stimulation for frequencies below 1 kHz (22).
This can explain why promontory vibration is largest for
stimulation to the mastoid below 1 kHz, because the
mastoid stimulation is in line with the direction of laser
measurement, whereas stimulation on the forehead is
perpendicular to it. Above 1 kHz, promontory motion
is comparable for all stimulation sites (Fig. 2).
One limitation of our measurements is that some data
were close to, or below, the noise level, especially for
stimulation at frequencies above 4 kHz and for stimu-
lation to the neck and eye. One reason is the damping of
the skin that affects the effective stimulation at
FIG. 4. Ratio of promontorymotion (shown in Fig. 2) to intracranial pressure (shown in Fig. 3) with stimulations on the forehead (A), eye (B),
and neck (C), relative to the corresponding ratio with stimulations on the mastoid.
FIG. 5. Magnitude of promontory motion from the four cadaver
heads in this study, in comparison with magnitude of promontory
motion with direct stimulation on the skull bone of the cadaver
heads (20, averaged from 4 cadaver heads) and stimulation using
a headband in live human subjects (21, averaged from 16 sub-
jects). The magnitudes of the promontory motions were normal-
ized by the stimulation forces, which were estimated from
measurements using an artificial mastoid.
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frequencies above 4 kHz (23). A greater driving voltage
of the transducer could have been used but most likely
would have caused distortion of the stimulation. To
investigate possible electrical or acoustic interference
between the BAHA and the hydrophone, a separate
set of measurements was conducted, where a stimulation
signal was applied to the BAHA whereas it was
supported without direct mechanical contact with the
cadaver head. The corresponding hydrophone response
was 20 to 40 dB lower, in the range of 0.2 to 4 kHz,
relative to the lowest recorded response in the case when
the BAHA was in contact with the cadaver heads (i.e.,
with stimulation to the neck, Fig. 3C). Above 4 kHz, there
was no noticeable response of the hydrophone above
its noise floor (i.e., no excitation by the BAHA). This
indicates that any possible electrical or acoustic inter-
ference between the BAHA and the hydrophone was
insignificant, and did not affect the hydrophone measure-
ments by mechanical contact or any of the corresponding
observations and conclusions.
There was large variability in the absolute values of the
measured quantities among the four heads. However,
normalization of the data of each stimulation location
relative to stimulation to the mastoid reduced this var-
iability and allowed for averaging of the measurements of
all four cadaver heads. The exact reason for this large
variability is unclear. One reason might be differences in
anatomical structures such as thickness and circumfer-
ence of the skull, or thickness and structure of the soft
tissue. Another possible contributor to the differences is
the coupling and attenuation of the skin and soft tissues in
the transducer–skull interface although this influence
was minimized by controlling the static force of the
coupling of the headband by a force gauge.
It has been shown that direct stimulation of the soft
tissues (i.e., eye or neck) stimulates the cochlea and
causes a hearing sensation (11,24,25). In the current
measurements, the gain for both the cochlear promontory
vibration and intracranial pressure tended to be below
0 dB for stimulation to the eye and neck, relative to
stimulation to the mastoid. Such findings are consistent
with poorer hearing thresholds for stimulation at these
locations as compared with stimulation to the mastoid.
The lower gain of promontory vibration, down to
10 dB, for stimulation to the eye compared with stimu-
lation to the mastoid is consistent with the 10 to 15 dB
lower hearing thresholds for stimulation to the eye
(11,26).
The results presented in this study indicate that the
relative ratio of the cochlear promontory vibration and
intracranial pressure is comparable (i.e., within 10 dB)
for stimulation on skin covered bone and soft tissue
without direct contact to bone, meaning that trans-
mission pathways do not show large differences in the
measured frequency range. These findings can be
explained by an interaction between soft tissue, skull
contents, and skull that results in vibration of the bone
surrounding the cochlea and the intracranial space. It is
controversially discussed in the literature whether or not
vibration of the soft tissue is independent of bone
vibration. Some reports claim that soft tissue conduction
does not involve bone vibration (9,10,25,27). In an
animal model, Chordekar et al. (25) measured ABR
and vibrations of the bony vestibule with an LDV for
BC and soft tissue stimulation. For BC stimulation, ABR
and bone vibrations were measured, whereas for soft
tissue stimulation only ABR was recorded for low
intensities. One possible reason for the difference with
our findings is that the vibrations may have been too low
to be detected, because low-intensity stimulation was
used. If bone vibration did not contribute to BC hearing
for stimulation to the neck, then the relative ratio
between promontory vibration and intracranial pressure
is expected to be much lower. Our data, as shown in
Figure 4, do not show such a difference in ratio,
suggesting that soft tissue stimulation involves bone
vibration similarly to direct stimulation on the bone.
CONCLUSIONS
The similarities in the ratio between promontory
vibration and intracranial pressure for stimulation on
bone and soft tissue indicate that all investigated stimu-
lation sites excite the cochlear walls and the intracranial
fluid to a similar extent, which means that bone vibration
is involved in soft tissue stimulation.
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